The North American bullfrog Lithobates catesbeianus continues to invade ecosystems worldwide, potentially causing population declines and even extinctions. Within its native distribution, bullfrogs show prolonged reproductive seasons and high fertility. However, data on breeding biology of bullfrogs ex-situ in invaded localities mainly comes from anecdotal reports. Understanding how invasive species are adjusting their life histories to new colonized environments is important for conservation purposes. Here we describe temporal and spatial abundance, calling activity, spawning and tadpole distribution of bullfrogs in southern Brazil. Eighteen samplings occurred during one year. The abundance of individuals was positively related to longer photoperiods and higher temperatures. Reproductive activity was also positively associated with longer photoperiods. Calling sites, spawning and tadpoles were associated with microhabitats presenting hydrophytes, which may provide shelter and thermal stability to bullfrogs. The reproductive seasonal activity of bullfrogs can be highly variable across its growing geographical range, but in subtropical Brazil it is associated with photoperiod, a highly predictable abiotic determinant. In our study area, bullfrogs presented a breeding season twice as long as that observed in some native localities. We suggest that management strategies directed to bullfrog populations must consider the habitat structures and seasonal regimes determined by each invaded environment.
of the most successful invasive species of the world (IUCN 2003) , has been introduced in more than 40 countries and four continents over the last century (Lever 2003) . Its native region comprises southern Canada, the south-central and eastern United States and northern Mexico (Frost 1985 , Frost 2015 . At North American introduction sites of bullfrogs, the decline of various amphibian species was recorded (Bury and Luckenbach 1976 , Hayes and Jennings 1986 , Hecnar and M'Closkey 1997 , Pearl et al. 2005 . Experimental studies have shown that bullfrog tadpoles can reduce food resources for tadpoles of others species like Ranidae, Bufonidae, Hylidae and tiger salamander (Kupferberg 1997 , Adams 2000 , Boone et al. 2004 . Bullfrogs also have the potential to affect native species in the acoustic niche (Both and Grant 2012) . In addition, they can be a threat to native frogs through the dissemination of pathogens and diseases, such as chytridiomycosis (Berger et al. 1998 , Daszak et al. 2004 , Schoegel et al. 2010 .
A series of studies on bullfrog biology conducted in Brazil indicate that this species has adapted to climatic conditions and can survive and reproduce in invaded areas , Kaefer et al. 2007 , Alves et al. 2008 , Afonso et al. 2010 , Leivas et al. 2012 , Boelter et al. 2012 . It has been suggested that bullfrogs might negatively affect various native species in Brazil, however there is a lack of evidence supporting such impacts (see Both et al. 2014) .
Throughout its native distribution, L. catesbeianus is known to occupy mainly permanent water bodies, where it reproduces at high rates (Bury and Whelan 1984) . The prolonged reproductive season is characterized by male calling activity periods (Emlen 1976 , Ryan 1980 , Bury and Whelan 1984 and by intense movement of females for partner selection (Wiewandt 1969 , Howard 1978 , Ryan 1980 . Spawning may occur once or twice in a given reproductive cycle (Emlen 1977 , Ryan 1980 , Govindarajulu et al. 2006 . However, few studies exist on the reproductive biology of bullfrogs in ex-situ populations in Brazil. In the state of Minas Gerais (southeastern Brazil), abundances of tadpoles are greater in the warmer months, coinciding with the period of male calling activity (Afonso et al. 2010) . A similar pattern has been found for populations from Paraná (southern Brazil), where the species' reproductive activity is interrupted by low temperatures in autumn/winter (Conte and RossaFeres 2006, Leivas et al. 2012) .
Breeding activity in anuran amphibians is more strongly influenced by abiotic than by biotic factors: environmental variables such as light, rainfall and temperature (Duellmann and Trueb 1994, Wells 2007) . Additionally, photoperiod is increasingly known to influence the timing of reproduction in subtropical anuran assemblages. (Both et al. 2008, Canavero and Arim 2009) , controlling events such as gametogenesis and anuran calling (Hatano et al. 2002 , Kaefer et al. 2009 ). Thus, assessing the relation between reproductive activity and photoperiod presents an excellent opportunity to better understand the reproductive phenology of bullfrogs in the subtropics and evaluate its invasion success.
Gonadal analyses of L. catesbeianus in subtropical Brazil indicated that although mature males are found throughout the year, females produce gametes in advanced developmental stages only in spring and summer (Kaefer et al. 2007 ). However, in despite the fact that research on bullfrog invasion has been growing in the last 10 years (see Campos et al. 2014) , little is known about the breeding phenology of this species for most of the invaded localities. The geographical location directly influences life history traits of invasive species, affecting its timing of reproduction, and other traits such as body size, sexual maturity and fecundity (Bury and Whelan 1984) . Therefore, understanding how invasive species respond to environmental changes in invaded areas is one of the first steps to plan future studies and management strategies.
In this study, we characterized the reproductive phenology of bullfrogs in an invaded region in REPRODUCTIVE PHENOLOGY OF THE AMERICAN BULLFROG 1911 southern Brazil based on field observation records. We investigated which environmental descriptors could explain the abundance of males, females and juveniles of bullfrogs along the year. We described vocalization and spawning periods, as well as the temporal distribution of tadpoles, and characterized microhabitats where calling males, egg masses and tadpoles were found. Finally, we compared our data with phenological data reported from other invaded and native localities.
mAteRiAls And methods

STUDY SITE
We conducted the fieldwork in two permanent water bodies in the municipality of Kaefer et al. 2007 ). This increased effort was employed with the intent to better characterize behavior and microhabitat use for the species. We searched for spawning by visual inspection, while walking around the pond banks during the day. For each microhabitat with spawns present, we recorded depth, distance from the margin, and presence and type of structural vegetation. Vegetation types were categorized as 'emergent', 'submerse' and/or 'floating' hydrophytes. The collected spawns were preserved in 80% alcohol. Eggs were counted and a subsample of eggs (n = 10) of each spawning was measured with the accuracy of 0.01 mm under a stereo-microscope. We sampled tadpoles at distinct microhabitats also during the day. We swept in diverse microhabitats (vegetated/non-vegetated, shallow/deep) of both ponds, from 0 to 2 m distance from the pond margins. In each microhabitat where tadpoles were present, we recorded the same parameters as for those with spawns. Tadpoles were preserved in 10% formalin solution (Permit Proc 23009-1) and staged in the laboratory according to Gosner's stages of development (Gosner 1960) . We deposited voucher specimens in the Herpetological Collection at Universidade Federal de Santa Maria (ZUFSM). The number of calling males was assessed every hour from 6 p.m. until vocalization consistently decreased (around 5 a.m.). We dedicated a minimum of three hours of nocturnal observations even when no individuals or signs of reproductive activity were found. We characterized the microhabitat of calling males using the parameters depth, distance from bank and presence and type of vegetation. We also conducted sporadic observations of reproductive activity throughout the day. Two hours after sunset, we conducted visual surveys to count all individuals in the ponds. The located individuals were classified as males, females or juveniles. Males were considered mature when calling activity was observed, or when morphological sexual characters were present, such as the yellow ventral coloration, and large dark eardrum. Animals without these characters and visually larger when compared with mature males were considered females (Howard 1981) . Immature small sized individuals were considered juveniles. In the field, it is easy to visually recognize adults, which are large sized and dimorphic, and juveniles, which are small sized. Due to difficulties in classifying individuals between those life stages, they were included in a fourth class ('undetermined'). Behavioral observations were conducted focally (Martin and Bateson 1986) , with occasional use of flashlights, at a distance of 2-3 m.
ENVIRONMENTAL DESCRIPTORS
We estimated pond area monthly using measuring tape. We measured pond depth at 1 m distance from the pond banks (n = 8, for each pond) in all sample events. We recorded the temperature and relative air humidity with a digital hygrometer at the beginning of sampling, and every hour from 6 p.m. until a significant reduction in calling activity. For the analysis described below we used maximum, minimum and mean temperature per collection event. Precipitation data were obtained from http://www.inmet.gov.br, Instituto Nacional de Meteorologia (INMET 2012) . These data are recorded at the automatic station of the municipality Santa Maria, 30.56 km from the study site. As precipitation descriptors, we used the amount of rainfall on the sampling day, five days previous to sampling, and the rainfall accumulated in the last month. Photoperiod data were obtained from http:// euler.on.br/ephemeris/index.php, Observatório Nacional Brasileiro (2012).
STATISTICAL ANALYSIS
The relationship between environmental descriptors and total abundance of individuals observed in each sampling event was tested using linear mixed models. In the following analyses, we used the maximum abundances observed in a single event to represent months with multiple surveys. We used a backward-stepwise procedure to eliminate non-significant variables (Zar 1999) . We also used mixed-linear models (stepwise procedure) to relate male, female and juvenile abundance and male calling activity to the environmental descriptors. In addition to the environmental variables described above, we used the maximum number of calling males as a possible predictor of female abundance. All analyses were conducted in the R environment (R Development Core Team 2012).
BIBLIOGRAPHIC REVIEW
We searched scientific papers and dissertations in order to obtain data on the reproductive phenology of L. catesbeianus in native and invaded areas. The search was conducted in the following databases: Web of Science, SciELO.ORG., Science, Scopus, Biological Abstracts, ScienceDirect, Wiley Online Library, Nature, Oxford Journals and Annual Reviews. We conducted searches using the popular name "Bullfrog" and the previous and current scientific names for the species ('Rana catesbeiana' and 'Lithobates catesbeianus', respectively) in combination with the terms 'breeding', 'reproduction', 'reproductive biology', 'call', 'eggs', 'clutch', 'spawn' and 'tadpoles'. Based on the results of this review, we compiled a database with information on the reproductive biology and life cycle of the species, for both its native and invaded ranges.
ResUlts
ABUNDANCE AND REPRODUCTIVE PHENOLOGY
The abundance of L. catesbeianus observed in the two ponds ranged from three individuals in April to 103 individuals in December (Figure 1 ). Juveniles were more abundant and were observed on all surveys. Highest abundances were observed in November and December (n = 47, n = 40; respectively). On average, 22.55 (SD = 17.43) individuals per sampling could not be classified to one of the three categories. Calling males were observed from August to April. Sparse vocalizations were recorded during the day, starting at 16 h, and calls became frequent after 18 h. During the spring months, a higher number of calling males (4-6) was observed between 17 and 23 h, while during the summer months most calling males were active between 2 and 5 h. (Figure 2 ). Spawnings were recorded from September to February (n = 5). The number of eggs counted in three spawnings ranged from 3.405 to 9.314 (x = 6.840, SD = 3069.3). Egg size ranged from 5.6 to 6.9 mm (n = 30, x = 6.2 , SD = 0.48). Tadpoles were found throughout the spring and summer months, from October to March. In spring, we found tadpoles between stages 22 and 30 (Gosner's stages), with one exception at stage 38. In summer, the collected tadpoles were between stages 25 and 40. In February, we observed a metamorph at stage 45. The total abundance of L. catesbeianus over the study period was explained by photoperiod and minimum temperature (R 2 = 0.58; F 3,15 = 12.93; p < 0.05). The number of observed individuals increased with longer photoperiods, and slightly decreased when minimum temperatures were higher (Figure 3) . Photoperiod was the only predictor that explained both the monthly abundance of males (R 2 = 0.39; F 2,16 = 12.08; p < 0.05) and the number of calling males (R 2 = 0.36; F 2,16 = 10.80; p < 0.05). Female monthly abundance showed a positive correlation with male monthly abundance (r = 0.6; p < 0.05). The juvenile monthly abundance was also unrelated to any of the environmental predictors. 
STUDIES ANALYZED
We found 23 studies conducted in eight countries in North America, South America, Europe and Asia that addressed the reproductive phenology of L. catesbeianus (Table I ). The calling activity coincided with the hottest months at all locations. In the Northern Hemisphere, vocalizations occurred from April to July (four months), while in the Southern Hemisphere they occurred from September to April (eight months). Information about spawning was available only for the Northern Hemisphere, where egg masses can be found between April and July. The spawn sizes varied from 7.296 to 47.870 eggs (Table I ). In Brazil, tadpoles can be found throughout the year in several stages, and there is no data on the period of metamorphosis. In Canada and the United States, metamorphosis occurs between July and October.
disCUssion
Considering the widespread occurrence of L. catesbeianus in Brazil, few studies on the natural history of this invasive species were conducted, especially studies reporting field-acquired data. This study is the first to detail the long reproductive period and reporting data such as microhabitat preferences of the species in southern Brazil. Our data support a close relationship between reproductive phenology and photoperiod, which seems to be the main predictor of reproductive activity of native species in the region (Both et al. 2008 , Kaefer et al. 2009 ). Photoperiod was the best predictor of calling activity for anuran assemblages in subtropical regions (Both et al. 2008 , Kaefer et al. 2009 , Canavero and Arim 2009 . Bambozzi et al. (2004) demonstrated that this variable is positively related to weight gain and metamorphosis rates of L. catesbeianus tadpoles. In addition, Figueiredo et al. (2001) showed that photoperiod is responsible for reproductive organ development in this species in captivity. The influence of seasonal change on the behavior and physiology of organisms is a widespread phenomenon, and photoperiod is the most reliable predictor of these changes (Vaze and Sharma 2013) . The response to photoperiod is considered one of the most important adaptations to seasonal variation, with direct implications on survival and reproductive success (Vaze and Sharma 2013) . The distinct behavioral patterns of male bullfrogs between spring and summer months may be related to the differences in photoperiod and temperature between these two periods. Thus, longer days in the summer could influence males to start calling and to reach their peak activity later in the night than in spring nights. We did not record reproductive activities or tadpoles during autumn and winter months. Adults, when observed in the colder months, remained in the water. These periods in North America are referred to torpor (Willis et al. 1956 , Howard 1981 , Govindarajulu 2006 . We observed bullfrogs in this state of low activity only between late May and early July, but more observations are required for its classification as torpor. Our tadpole sampling was restricted to pond banks, reaching microhabitats only up to 2 m distance from the banks, and we were not able to detect larger larvae possibly occurring in deeper microhabitats. According to Minowa et al. (2008) , tadpoles of L. catesbeianus hibernate at the bottom of water bodies during the colder months. Due to their long larval stage, which usually exceeds one year (Bury and Whelan 1984) , it is probable that tadpoles are present in the pond throughout the year. Besides, we also found tadpoles at advanced developmental stages in spring at the onset of vocalizations, which means that they most likely had overwintered.
We generally found adults in deeper microhabitats than juveniles, a pattern also reported by Lillywhite (1970) , Graves and Anderson (1987) and Minowa et al. (2008) in the Northern Hemisphere. According to Graves and Anderson (1987) , this pattern may be related to adults preferring deeper water to hide from predators present close to the pond margins. However, in Brazil there are no records of predators of adult bullfrogs, while predators of juveniles exist Filho 2009, Medeiros et al. 2012) . However, the microhabitat segregation could also be related to the avoidance of cannibalism, which is common in this species (Boelter et al. 2012) . Juveniles were observed to avoid areas close to adult males in both ponds (Medeiros, C. pers. obs.) . Juveniles of another invasive anuran, Rhinella marina, are also known to avoid cannibalistic adults. In this case, juveniles try to segregate from adults by changing temporal activity: their activity is diurnal while adults are nocturnal (Pizzatto et al. 2008) . Nonetheless, the difference in microhabitat use between adults and juveniles may be related to thermoregulation, which can be achieved by changes in body posture to use warmer pond water as a heat source (Lillywhite 1970) .
Males of L. catesbeianus are territorial, defending sites where hydrophytes dominate. In January 2011 we observed an event of physical combat between two males at daytime, associated with territoriality. We were also able to observe, at multiple times, males engaged in other antagonistic interactions denominated by Howard (1978) as 'Threat or Display'. Males raise the bodies and display their yellow throat region, and occasionally vocalize. The territoriality exerts an important selection pressure because it provides an advantage to the males that occupy the best breeding sites (Ryan 1980) . In our study we found that calling and oviposition sites were often identical, which confirms the above assertion. Nevertheless, males were often observed calling near egg masses.
Tadpoles and egg masses of L. catesbeianus were present in vegetated microhabitats close to pond banks. In addition to providing shelter, refuge and food source, the presence of hydrophytes in aquatic systems plays an important role in stabilizing environmental conditions by maintaining thermal stability required by several species (Nessimian and De Lima 1997) . Furthermore, hydrophytes retain organic particles that can be used by other organisms (Nessimian and De Lima 1997) . It is also possible that calling from vegetated sites saves energy, since plants can support males in staying above the water surface for vocalization activity.
According to our results and all analyzed studies, the reproduction of L. catesbeianus is restricted to the warmer months of the year. It is assumed that in the Northern Hemisphere, in addition to temperature, precipitation is an environmental cue for the onset of reproduction (Ryan 1980) . The effect of rainfall on bullfrog reproductive activity was not recorded in our study, probably because precipitation is evenly distributed throughout the year in subtropical Brazil. According to Figueiredo et al. (2001) , body fat increases with temperature, indicating the preparation of animals for energy expenditure involved in reproduction. As observed here, this preparation is mainly associated with photoperiod, since seasons with higher temperatures also have the longest photoperiods. With small differences between hemispheres, the breeding season of L. catesbeianus is restricted to periods of higher temperatures.
The importance of natural history investigations has been historically underestimated, although the increasing recognition that they constitute the first step to hypothesis-driven, applied studies (Vitt 2013). Invasion management can benefit from crucial information about the relationship of alien species and newly colonized environments, including distribution of individuals over space and time. When suggesting habitat modification as an effective strategy for long-term management (Graves and Anderson 1987, Adams et al. 2003) , the microspatial and seasonal preferences of invasive species such as those described here must be taken into account. Our results evidenced the remarkable phenotypic plasticity of bullfrogs, where reproductive period and spawn size largely varied among localities. We suggest that management strategies directed to bullfrog populations must be idiosyncratic by considering the different habitat structures and seasonal regimes determined by each invaded environment across the globe.
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ResUmo
A rã-touro americana continua invadindo ecossistemas em todo o mundo, causando declínios e extinções nas populações. Em sua distribuição nativa, a espécie apresenta estação reprodutiva prolongada e grande fertilidade. Contudo, dados sobre a fenologia reprodutiva da espécie ex-situ em localidades invadidas provêm principalmente de relatos anedóticos. Compreender como espécies invasoras ajustam sua história de vida para colonizar novos ambientes é importante para fins de conservação. Aqui, nós descrevemos a abundância temporal e espacial, atividade de vocalização, e a distribuição de desovas e girinos da rã-touro no sul do Brasil. Dezoito amostragens ocorreram durante um ano. A abundância de indivíduos foi positivamente correlacionada com longos fotoperíodos e altas temperaturas. A atividade reprodutiva também foi positivamente associada a longos fotoperíodos. Sítios de vocalização, desovas e girinos estiveram sempre associados à microhabitats com a presença de hidrófitas, que podem prover abrigo e estabilidade térmica à espécie. A atividade reprodutiva sazonal da rã-touro pode ser altamente variável em toda a sua crescente distribuição geográfica, mas no Brasil subtropical, a reprodução está associada com o comprimento do dia, um determinante biótico altamente previsível. Em nossa área de estudo, a rã-touro se reproduz pelo dobro do tempo observado em algumas localidades nativas. Nós sugerimos que estratégias de manejo voltadas para populações da espécie devem considerar as estruturas do habitat e regimes sazonais determinados por cada ambiente invadido.
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